To characterize the pathways of bone marrow (BM) involvement of follicular lymphoma (FL), we performed morphological and immunophenotypical analysis of tumor cells from lymph nodes (LNs) and corresponding BMs in 21 patients with FL. In three cases, genealogical trees were constructed based on the immunoglobulin variable region heavy chain (IgV H ) gene sequences of tumor clones from LNs and BMs. Results showed that FLs within the BMs display identical or lower cytological grades than in the LNs. In the majority of cases, different proportions of tumor cells expressed bcl-2, CD10 and Ki67 in LNs and BMs. Tumor cells in the BM showed ongoing somatic hypermutation of the IgV H genes; the distribution of these mutations was highly consistent with antigen selection. The topology of the genealogical trees revealed that different subclones populate the LN and BM and BM infiltration may occur at different points of the clonal evolution of FL. Early descendants of the original tumor clone and derivatives of diversified tumor clones may invade the BM. These results suggest that the BM involvement of FL is associated with intensive clonal selection of tumor cells, and the BM provides a microenvironment similar to the germinal centers of LNs, where tumor cells retain their biological nature.
Introduction
Follicular lymphoma (FL) is a B-cell non-Hodgkin's lymphoma (NHL), accounting for up to 35% of all cases in Europe and 40% in the United States. [1] [2] [3] [4] Approximately 85-90% of FLs carry the t(14;18)(q32;q21) chromosomal translocation, juxtaposing the BCL-2 gene with the immunoglobulin (Ig) heavy chain (H) gene, resulting in the constitutive expression of bcl-2 protein. 5 FLs are composed of a mixture of centrocytes and centroblasts, which grow in a highly organized nodular pattern. Based on the proportion of centroblasts and centrocytes within the malignant follicles, FLs are subclassified into grade I (predominantly centrocytes), grade II (centrocytes and centroblasts) and grade III (predominantly centroblasts) categories. 6, 7 The histological subclassification or grading system of FLs has been shown to correlate with the clinical prognosis of the disease. 8, 9 The follicular growth pattern and the cellular composition of FL are highly similar to those of normal germinal centers (GC) of secondary lymphoid follicles, indicating the GC B-cell origin of the tumor. 1 Lymphoma cells express the antigens associated with GC B cells, including CD10 and bcl-6. 10, 11 The GC B-cell origin of FL is also supported by the accumulation of ongoing somatic hypermutation in the immunoglobulin variable region heavy chain (IgV H ) genes of tumor cells. 12 The mutation patterns in the IgV H genes of FLs have been found to be highly similar to those in normal antigen-selected B cells. [13] [14] [15] The active hypermutation machinery of FL results in intraclonal divergence and genetic heterogeneity of the neoplastic clones. 16 Although FL is a clinically indolent disease, it has remained incurable, largely due to its disseminated nature at diagnosis. 17 During the clinical course of the disease, the neoplastic clones invade multiple nodal and extranodal sites, including the bone marrow (BM). BM involvement is mostly associated with paratrabecular aggregates composed of centrocytes expressing different FL-specific antigens, including CD10, bcl-2 and bcl-6. 10, 11, 18 According to previous reports, growth pattern, immunophenotype and the ongoing hypermutation activity of the original neoplastic clone are retained during the expansion of neoplastic cells to adjacent GCs and distant lymph nodes (LN). 5, 14, 15 However, details of tumor cell dissemination to the BM have remained largely unknown, and the biological characteristics of the tumor clone responsible for BM infiltration have not been studied.
To provide further insight into the pathways of BM involvement of FL, we compared the cytological grades, growth pattern and immunophenotype of the tumor cells from the LNs and BMs of 21 untreated patients with FL. Furthermore, we performed simultaneous mutational analysis of the IgV H genes of the LN and the respective BM specimens in selected cases to delineate the dissemination and migration of FL cells among the LNs and the BM, and to reveal the clonal evolution of BM involvement. Our results suggest that early derivatives of the original neoplastic clone and additional selected subclones take part in populating the BM. The intensive clonal selection in BM involvement results in immunophenotypic differences between the tumor clones of the LN and BM, but the ongoing nature of somatic hypermutation of the IgV genes of neoplastic clones is retained in the BM.
Materials and methods

Pathological samples
LN and BM biopsies and BM aspirate samples from 21 untreated patients with FL were selected for this study, based on the availability of frozen tissue and cells for the molecular analyses. The LN and BM biopsies and BM aspirates were performed as part of the diagnostic and staging procedures. In all the cases analyzed, no more than 2 weeks elapsed between samplings from the LN and the BM. Diagnoses were based on histopathologic, immunophenotypic and molecular analyses according to the World Health Organization (WHO) Classification of lymphoid tumors. 6 ,7
Immunohistochemical analysis
The phenotype of the lymphoma cells was characterized by immunohistochemical staining of paraffin-embedded LNs and decalcified BM tissue sections, using a three-step avidin-biotin immunoperoxidase method 19 and the following monoclonal antibodies: CD20, bcl-2, Ki67 (DAKO, Carpinteria, CA, USA), and CD10 (Novocastra Laboratories, Newcastle upon Tyne, England). Follicular dentritic cells were detected by CD21 (Novocastra) and CD23 (Novocastra) antibodies.
PCR amplification, cloning and sequencing of the IgV H genes
The IgV H gene sequences of the LN and corresponding BM specimens were determined in three selected cases of FL. Genomic DNAs were extracted from tissue samples of LN biopsies and BM aspirates, using the salting out technique. 20 DNAs were amplified by PCR, using sense IgV H gene familyspecific (V H 1-V H 6) leader primers in conjunction with an antisense consensus J H primer in independent reactions, as previously described. 21 The PCR products of Ig V H -D-J H genes were cloned into the pCR 2.1-TOPO Vector, using the TOPO TA Cloning Kit (Invitrogen Corporation, San Diego, CA, USA). After the transformation of competent cells, colonies found to contain the appropriate insert of plasmid DNA were sequenced by an ABI Prism 310 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).
Sequence analysis of the IgV H genes and construction of genealogical trees
In all the samples, approximately 20 sequences from independent bacterial isolates were analyzed. The corresponding germline IgV H gene sequences were determined, using the IMGT/V-QUEST (International ImMunoGeneTics Information System, http://imgt.cines.fr) and the NCBI/IgBLAST databases.
The binomial distribution model proposed by Chang and Casali 22 was used to determine whether the probability of the excess of replacement (R) mutations in the complementary determining regions (CDR) and the scarcity of silent (S) mutations in the framework regions (FR) resulted by chance alone or were the consequence of antigenic selection.
The clustal W method of DNASTAR MegAlign software was used (DNASTAR Inc., Madison, USA) to perform the multiple sequence alignments and to obtain the genealogical trees representing the clonal relationship among the LN and BM subclones of each case.
Results
Morphological comparison of LN and BM samples
The growth pattern and cytological grade of tumor cells in the LNs and in the complementary BM samples of 21 untreated patients with FL were compared, according to the WHO criteria 6 ( Table 1) . Follicular pattern was found in 13 cases, follicular and diffuse pattern in seven cases and diffuse pattern in one case. In the corresponding BM infiltrates, paratrabecular infiltration was identified in 14 cases, while paratrabecular and follicular infiltration were identified in seven cases. Isolated follicular pattern was not detected. There was no correlation between the growth pattern of FL cells in the LNs and in the respective BM infiltrations. In 11 cases, the cytological grade of FL cells both in the LNs and in the matching BM samples were grade 1. In four cases, tumor cells in the LNs showed grade 2, and the respective BM samples displayed either grade 1 (three cases) or grade 2 (one case). In six cases, lymphoma cells in the Table 1 Morphology and immunophenotype of the LN and the corresponding BM samples in 21 cases with FL 
Immunophenotypic comparison of LN and BM samples
The immunophenotypic profile of tumor cells was characterized by the expression of different antibodies (bcl-2, CD10 and Ki67) ( Table 1) . As a part of the diagnostic procedure, CD20 was also determined. CD20 was detected in all the LN and BM samples. other by a various number of distinct mutations (ranging from 1 to 13), and mutations generated intraclonal sequence diversity in all three pairs of LN and BM samples. All of the sequence variants of the three cases resulted from single nucleotide changes, and all of these point mutations resulted in potentially functional genes. The closest germline genes, the range of mutation frequencies and the number of shared mutations in LN and BM clones are detailed in Table 2 .
Analysis of somatic mutations
To determine whether the tumor cells of FL in the LNs and BMs had been under selective pressure for antigen selection and to compare the pattern of antigen selection of the tumor cells in the LN and the corresponding BM samples, we carried out an analysis of somatic mutations in all IgV H sequences amplified from the three selected FL cases. Altogether, the mutational analysis was performed on 53 LN and 57 BM sequences, using the Chang and Casali formula. 22 The results are demonstrated in Table 3 and Figure 1 . (See figure legends for additional Figure 1 Caption on page 1660. B17), mutations in the CDRs showed a random distribution. As a whole, the results indicated more R mutations in the CDRs and fewer R mutations in the FRs than expected due to chance alone in all the LN sequences and in 51 of the 57 BM sequences, indicating the presence of antigen selection in these clones.
Construction of genealogical trees
To reveal the clonal selection and pathways of the BM infiltration in FL, we used the process of ongoing somatic hypermutation of the IgV H gene as a marker to follow the clonal evolution of BM involvement. 15,23 Based on the IgV H sequences of the LNs and the corresponding BM samples, genealogical trees were constructed in three cases (cases 12, 14 and 21). The closest germline IgV H genes were also included in the analysis. DNASTAR MegAlign software (DNASTAR Inc.) was used to generate the genealogical trees, based on multiple sequence alignments obtained by clustal W method (Figure 1) . The individual IgV H sequences obtained from the LNs and BMs differed from each other in all the three cases except one; in case 14, 10 LN (L2,3,5,7,9,13-17) and two BM clones (B8,9) shared identical sequences (Figure 1b) . In all the three cases, LN and BM clones formed a common tree, in which the germline gene was the most ancient common progenitor of all clones. The topology of the genealogical trees demonstrated that LN and BM clones form cohesive subgroups, deriving from common progenitors. These progenitors did not appear in the tree as identified clones, but as nodes representing a step in the progress of diversification.
In all the three cases, the BM clones formed two clusters: one cluster (case 12: B3-6,8,9,11-13,15,17,19,20; case 14: B1-7,10-14,16-20; case 21: B1-6,8,11-17) derived directly from the most ancient common progenitor; the clones of the other cluster (case 12: B1,2,7,10,14,16,18; case 14: B8,9,15; case 21: B7,9,10) were derivatives of a common ancestor of BM and LN clones. The number of shared mutations detected in the BMs ranged from 2 to 33. In all the three cases, the LN clones formed cohesive clusters, the number of shared mutations ranged from 23 to 33. The LN and BM clones also shared a different number of mutations, indicating that tumor clones from the LNs and BMs were derivatives of a common progenitor (Table 2 ). Since in each of the cases all neoplastic clones carried shared mutations, the LN or BM origin of the common progenitor cannot be determined based on the genealogical trees.
Discussion
In order to characterize the pathways of BM involvement in FL, we performed comparative morphological, immunophenotypical and mutational analysis of the IgV H genes on FL samples originating from LNs and BMs. Our results show that the cytological grade, immunophenotype and mutation pattern of IgV H genes of FL cells are frequently different in the LNs and the matching BMs. Our results also provide evidence that the BM provides a microenvironment similar to that of LNs, where tumor cells retain the ongoing nature of the mutations of their IgV H genes, and mutations accumulate in a way suggesting that tumor cells have been selected by antigen.
The comparative morphological analysis of the cases revealed that cytological grades of the BM infiltrations are identical to or lower than the grades of the respective LN samples. These results are consistent with previous findings showing that the BM aggregates of FL are mostly composed of small centrocytes and less frequently, of centroblasts, even in those cases where the LN cosists of a high number of centroblasts. 10, 11 The selection of centrocytes in the BM infiltration is also supported by our immunohistochemical studies. Ki67 immunostaining revealed positivity in fewer tumor cells in the BM infiltrates than in the matching LN samples, in concordance with the finding that proliferative activity correlates with tumor grade. 9, 24 Furthermore, tumor cells in the BM expressed CD10 less frequently than in the LN. All these findings corroborate the idea that BM infiltrates have a tendency to represent a lower grade of FL than the tumor cells of the respective LNs, and suggest that clones with different phenotypes participate in the development of BM involvement.
However, the intensive clonal selection of small, centrocytelike tumor cells in the BM infiltration of FL may suggest that the interfollicular compartment of FL, which is also composed of small, centrocyte-like cells, preferentially involves the BM. 25 We and other authors have found that the microenvironment of the BM is more similar to the environment of the follicle center than that of the paracortical area. 10, 11 The neoplastic cells in the BM are enmeshed in CD21 and CD23 positive FDCs, both in the paratrabecular and in the follicular infiltrations, similarly to the basic structure of FL in LNs. The presence of FDCs in the BM infiltration suggests that FDCs are essential components of the FL microenvironment, presumably because tumoral-nontumoral cell interactions inhibit the apoptosis of the neoplastic B cells and they provide the necessary antigenic stimuli for the survival of tumor cells. 26 The ongoing type of somatic hypermutation in the IgV H genes of neoplastic cells is a well-known feature of FL. 12 According to our findings, the ongoing somatic hypermutation of IgV H genes is present in the tumor cells of the BM manifestation, similarly to the LN infiltrations. The mutation frequency in clones of the BM and LNs are practically in the same range, although intraclonal divergence of the LN and BM clones were not shared, indicating that the ongoing somatic hypermutation activity is independent at the two sites. In both the BM and the LN, the distribution of Figure 1 Genealogical trees constructed from the IgV H sequences of the lymph node (LN) and the corresponding bone marrow (BM) specimens of three cases with follicular lymphoma (FL). The genealogical trees are based on multiple sequence alignments obtained by the clustal W method, using the DNASTAR MegAlign software (DNASTAR Inc., Madison, USA). The genealogical trees were constructed from the IgV H gene clones of all the LNs and the corresponding BM samples and the closest germline gene sequences in each case. We made some corrections manually on the trees generated by the MegAlign software because it regarded all clones as extremities. If the mutation difference between two clones resulted only from mutations beyond shared mutations, the clone with less mutations (containing only mutations also present in the other clone) became the progenitor of the clone with more mutations. a, b and c represent trees of cases 12, 14 and 21, respectively. Germline genes are indicated by yellow, the LN clones by blue and the BM clones by pink boxes. Furthermore, LN clones are marked as 'L' and BM clones are marked by 'B', followed by the number of the clone. If two clones represented the same sequence variant, they were placed in one box. The color of the upper small box in the right corner of each clone refers to the distribution of mutations in CDRs, and the color of the lower small box refers to the distribution of mutations in FRs, according to the Chang and Casali formula. 22 The red boxes indicate the presence of positive selective pressure for antigen selection, and the white boxes indicate the random distribution of mutations. The scales indicate the number of mutations detected in the IgV H sequences and, thus, demonstrate the distance of subclones from each other and from the germline gene. Based on the intraclonal IgV H gene diversity observed in FL, 13, 23, 27, 28 it is assumed that the capacity of ongoing somatic hypermutation is retained during lymphomagenesis.
14 Thus, the sequences of IgV H genes from different tumor clones can provide data concerning the clonal relatedness and the clonal history of FL. 16, 23, 28 To gain further insight into the process of clonal selection and the clonal history of the BM involvement of FL, we performed a phylogenetic analysis of the IgV H sequences obtained from LNs and the respective BM specimens of selected cases. In all the three cases, the topology of the genealogical trees revealed homogeneous clusters of tumor clones in the BM, branching off early in the trees. These BM clusters did not contain clones deriving from LNs, suggesting that a significant part of the BM infiltration is an early event in the clonal evolution of FL, and they probably developed independently from the tumor clones detected in the LNs. These findings are highly consistent with the idea that subclones of FL may develop primarily in the BM and these clones do not 'metastasize' to the LNs. The development of distinct clonotypes of tumor clones in the BM and LNs is consistent with previous findings showing that FL can be segregated in two distinct tumor clones, and clonal selection may occur parallelly in at least two cell populations. 23 FLs are characterized by extensive tumor cell migration among follicles and interfollicular zones in the course of the clonal expansion of the lymphoma. 14, 15, 25 In the present study, we found evidence for the trafficking of tumor cells between LNs and BMs: in case 14, identical tumor clones were found in the LN and BM. Unfortunately, based on these genealogical trees, the direction of the migration of tumor cells could not be determined. We found no IgV H sequences in which the mutation pattern indicated that an LN clone had developed directly from a BM clone or vice versa, and, in most of the cases, unidentified common ancestors gave rise to tumor clones in the BM and LN; therefore, theoretically, the migration may occur in both directions.
According to a previously proposed hypothesis, the t(14;18) translocation occurs as an error of D-J H or V H -DJ H joining at the pre-B cell stage in the BM, and can be regarded as the startingpoint of FL lymphomagenesis. 5, 29 The pre-neoplastic B-cell with the t(14;18) translocation then enters the circulation and homes to LNs, where a second genetic hit is provided for the neoplastic transformation by antigenic stimulation through FDCs. 23, 29, 30, 31 This theory has been challenged by an alternative model for FL development. Based on the presence of error-prone templated nucleotide insertions at the t(14;18) breakpoint sequences, Jäger et al 32 proposed that FL may develop in the LNs from postfollicular B-cells, as an error of the V(D)J recombination and somatic hypermutation.
The findings of the present study provide insight into the pathogenesis and pathways of the BM manifestation of FL. To explain the BM involvement of FL, Ghia et al 33 suggested the socalled 'importing model'. In this model, LN-experienced FL cells 'import' microenvironment (FDC, CD4 cells) from LNs that favors the growth of tumor cells in the BM. The results of the present analysis provide evidence that the BM infiltration of FL is composed of a heterogeneous tumor cell population. A minor population of the cells derives from LN clones and the majority of cells are derivatives of 'LN-inexperienced' clones. Since the majority of BM and LN clones are derivatives of a common unidentified progenitor, it is possible that pre-neoplastic/ neoplastic B-cells migrate to the LN and the BM, and some of the tumor clones may evolve independently from each other at the two sites. The LN-independent growth of BM tumor clones is also supported by the presence of FDCs in the BM, which provide a microenvironment necessary for the survival of tumor cells. 34 But we cannot exclude the possibility that 'LN inexperienced' BM clones are derivatives of another LN not examined in the present study.
All together, our findings provide evidence that the BM involvement of FL is associated with intensive clonal selection of tumor cells. The BM infiltration is composed of a heterogeneous tumor cell population, where the biological nature and the ongoing hypermutation activity of the IgV genes of neoplastic clones are retained.
